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I. SUMMARY
A. PURPOSE AND SCOPE
The purpose of this program was to determine the effect
of particle size and density on the dielectric constant and the
loss tangent of basalt powders. Basalt powders were sized into
three groups (0-37u, 37-63u, and 63-125p), and packed to densities
ranging from 0.6 to 1.5 gm/cm 3 . Measurements of the attenuation
of X and K band microwave radiation for each sample were made, and
the dielectric constant, e', and the loss tangent, tan b, were
calculated. The measurements were performed in a dry nitrogen en-
vironment at room temperature.
B. RESULTS
The dielectric constants of the powders ranged from 1.6 to
3.3. The real part of the dielectric constant, e', increased
regularly with increasing density. There was no significant
difference between the results of X band and K band measurements.
The dielectric constant is independent of particle size. Mea-
surements of tan d exhibited a considerable scatter. The loss
tangent increased with increasing density. There did not seem to
be any difference between the results for X and K band radiation,
and there was no apparent effect of particle size on loss tangent.
Data scatter may have obscured trends in tan d smal l-or than 10-20%
over the range of parameters studied.
1
Arthur Q Little Inc.
1[it
II. INTRODUCTION
Infrared and microwave remote sensing has played an important
role in understanding the lunar surface features and environment.
Evaluation and characterization of the thermal and dielectric
properties of postulated lunar surface materials in the laboratory
have provided data for interpretation of these microwave and in-
frared measurements.
The effects of density, particle size and temperature on
thermal conductivity of evacuated powders have been studied by
Arthur D. Little, Inc., the Space Sciences Laboratories of
NASA/MSFC, California Institute of Technology, and others. In
our previous work, we have determined also the complex dielectric
constant of several non-metallic powders. Although these powders
were of different densities, the data indicated that the real part
of the complex dielectric constant could be correlated with the
fraction of the solid. Data on the imaginary part of the dielectric
constant could not be so easily correlated. Furthermore, we did not
examine the effects of particle size nor determine if the same re-
lation between density and dielectric constant is valid for samples
of the same material with different particle size.
A more detailed experimental study of the relationships between
particle size, density and dielectric constant conducted in this
program will provide a basis for comparison with theoretical analyses
and further the understanding of the lunar and other planetary surfaces.
2
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III. EXPERIMENTAL PROGRAM
L A.	 PROGRAM SCOPE
To determine the effects of density and particle size on
the complex dielectric constant of basalt powders in the X band
(3.2 cm wavelength) and K band (1.2 cm wavelength), we conducted
measurements with basalt powders of several particle sizes--
3763<37p,	 -63p, and	 -125p--over a density range from about
' 0.5 gm/cm3 to 1.5 gm/cm3 .	 Measurements were made at room
temperature in a dry air environment.
Y B.	 APPARATUS
The equipment used in the measurements is shown in Figure 1.
s
developed	 inIt was	 and used	 our previous measurements program.
The waveguides were of the standard type (RG 52/U, 0.900 x 0.4UO in.,
inside dimensions) appropriate for the X band (3.2 cm wavelength).
The slotted waveguide section with the traveling probe (Type 809B,
Hewlett-Packard Co.) carries a scale permitting the determination
eof thethe position of	 standing wave minima and maxima with a
repeatability of better than 0.02 cm.	 The probe itself is an
adjustable extension of a coaxial line protruding only a few tenths
of a millimeter into the waveguide. 	 It is integrally connected to
a silicon diode detector which is matched by a tunable stub.	 Its
output is measured by a standing-wave detector (Model B812A, FXR Co.).
The slotted section is preceded by a precision calibrated
attenuator (Model 195B, PRD Co.) which is used in measuring the
3
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Slotted Section
with
Traveling
Detector Probe to Standing Wave Detector
Klystron (	 ^—^ to Power Supply
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FIGURE 1 DIAGRAM OF THE APPARATUS FOR
MEASURING THE DIELECTRIC CONSTANTS
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power  ratio (r - E min /E max ) required for the determination of
tan b. For this purpose the traveling probe is set to a minimum
voltage and the indication of the standing -wave detector noted,
the probe is then set to the maximum and the attenuation increased
until the same voltage is indicated by the standing-wave detector.
The difference of the two attenuator readings (in db) gives the
ratio r, independent of the linearity and calibration of the
standing-wave detector.
The frequency of the microwaves is measured by a direct-
reading cavity wavemeter (Model 410A, FXR Co.) fed from the main
waveguide by a directional coupler (Model X 610A, FXR Co.). The
microwave power is supplied by a klystron (Type VA-58, Varian
Assoc.) connected to the main line through a ferrite isolator
(Model 1203, PRD Co.), which prevents any reflections that might
occur in the measurements system from influencing the fr equency^	 Y	 g	 q	 Y
of the klystron. The klystron is supplied from a stabilized power
l
supply (Model 716A, R-P Co.), which also provides a square-wave
modulation at 1000 cps.
The K band (1.2 cm wavelength) system was essentially identical
to the one described above; only the components were different:
Waveguides: RG 53 /U (0.420 x 0.170 in., inside
dimensions)
`	
Slotted section: Model K 102A (FXR Co.)
I
Precision attenuator: Model K 164F (FXR Co.)
Wavemeter: Model K 41OF (FXR Co.)
[	
Directional coupler: Model K 611C (FXR Co.)
1
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Ferrite isolator: Model K 131 (Cascade Res. Co.)
Klystron: VA 254 (Varian Assoc.)
The termination of the slotted section was made of a flat,
i
heavy brass plate which was gold plated for low loss and good
electrical contact. The entire setup was placed horizontally on
the bench so that the measuring section could be filled with
powder up to the slot. Tl, - powder was prevented from pouring out
into the attenuator and the waveguide by tightly fitting plugs of
i
polyethylene which were tapered to prevent reflections.
C. SAMPLE PREPARATION
Basalt powders in three particle size ranges were provided
by NASA/MSFC. The natural density of the powders was about
31 gm/cm . Therefore, to achieve lower densities we mixed them
with "Microthene" FN-510, a fine polyethylene powder. Polyethylene
was chosen because of its low loss tangent, its availability, and
known dielectric properties. We encountered problems in mixing the
basalt and polyethylene powders because the polyethylene particles
became charged and tended to cling together. Beat results were
obtained by shaking the basalt-polyethylene powder mixture in a jar
with ceramic agitator balls until the mixture seemed homogeneous.
The major problem in sample preparation was in packing the
powders uniformly in the slotted waveguide. Non-uniform packing
could cause a variation in the amount of radiation absorbed along
the length of the sample and hence a variation in e' and tan d.
b
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Considerable effort was expended in developing a technique
which would produce a homogeneous sample. Several techniques were
evaluated--vibration of the packed waveguide on a vibrating table,
tapping with a small hammer, and various methods of tamping the
powder itself. The degree of uniformity depended upon the par^icle
size of the powder, the amount of polyethylene which was added, and
the density which we were trying to achieve. Although we did not
succeed in producing completely uniform samples, the smoothness of
the dielectric constant data we obtained indicates that relatively
uniform samples were achieved. Most difficulty was noted in the
K band measurements because of the small size of the waveguide.
In our previous program, measurements were conducted in vacuum.
In this work, it was desirable to conduct the measurements in air so
that a variety of powder densities could be readily used.
	 We found
in our Initial measurements that the moisture content of the powder
samples affected the value of e' slightly and tan d greatly. 	 Ex-
periments were conducted to establish an appropriate technique for
drying the powder which would result in minims effects of moisture
content.	 The procedure finally adopted was to dry the powders in
°Cair at about 120for at least 15 hours. 	 The powders were cooled,
packed into the waveguide and measurements taken. 	 The drying,
packing, and dielectric constant measurements were all performed
with the powders in a glove bag, filled and purged with dry nitrogen.
Using this technique, we prepared five samples of different
densities for each particle size range, and tested each sample in
the X band (3.2 cm) and K band (1.2 cm).
Arthur Q Little Inc
IV. RESULTS
A. DATA REDUCTION
The values of e' and tan 6 were obtained frora measurements
of the wavelength and power ratio of the radiation in the sample
using formulas derived in our previous work:
	
a 2	X2
	
0	 0
E l
 ,2 + ^2
	
0.
c	 m
A r
tan 6
	
m
n^
X  - wavelength of radiation being generated
by the klystron
am
 - measured wavelength of radiation in the
test section
ac
 - the cutoff wavelength which is dependent
upon the dimension of the cavity
I - distance of the probe from the end of
the waveguide
r • ratio E min /Emax
Values of e' and tan 6 were calculated for each sample from
measurements taken at several locations within the sample. From
these values average values were calculated.
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In the samples to which polyethelene was added to the basalt
to achieve low densities, the values of E' had to be adjusted to
eliminate the contribution of the polyethelene. This was done by
applying the mixing rule given below. The validity of this
technique was de:aonstrated in previous work done under NASA Contract
No. NAS8-20076.
Em-1	 E'pe-1	 Ebe-1
	 Eae-1
em + 2	 Ede + 2 + Ebe + 2 + Eae + 2
E' - 1
	 E' - 1
	 E' - 1;
	 a
= fp Ep + 2 + fb Eb + 2 + fa Ea + 2
where e' is the average value of E' which we calculated from the
observed value of wavelength.
EI	 Ebe' Eae represent the contributions of the polyethelene,
basalt and air to the value of E'.
m
fp , fb , fa are the volume fractions of polyethelene,basalt and
air in the sample, and Ep, E b and Ea are the values of the dielec-
tric of pure polyethelene, basalt and air.
E'p = 1.6	 e'b = 2.8
Since e'
	 1, the contribution of air is eliminated. f b and
f  were calculated by dividing the density of the basalt and poly-
ethelene in the sample, by their true densities. The density of
solid basalt was assumed to be 2.78 g/cc; the density of the
9
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polyethelene used, which was obtained from manufacturers' data,
was .924 g/cc.
By subtracting
Elp
fpE'+2
p
from
m
e' + 2
m
we can isolate
(	 Eb-1
fbeb+2'
or the contribution of the basalt, to the value of e'm. We set
this equal to
ebe -
1
11
+2'Ebe
and solve for ebe which is the value of the dielectric constant
of au equivalent density of basalt without the polyethelene.
The measured and equivalent values of the dielectric constant
are given in Table 1.
10
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Samplel P % BASalt2 Em the tan 6
0-37 X .595 80 1.92 1.69 4.846 x 10-3
.96 2.19 3.615 x 10-3
1.15 2.57 4.85 x 10_3
1.3 2.99 9.56 x 10
1.53 3.26 9.14 x 10-3
0-37 K .645 1.77 5.656 x 10-3
.845 2.22 6.35 x 10-3
.95 2.2 6.6 x 10-3
1.12 2.44 6.8 x 10-3
1.39 2.96 7.45 x 10'3
37-63 X .58 80 1.96 1.727 5.36 x 10-3
.74 80 2.24 1.91 5.27 x 10-3
1.05 2.35 6.52 x 10-3
1.25 2.76 7.3 x 10-3
1.51 2.87 8.57 x 10-3
37-63 K .55 72.6 1.88 1.814 5.19 x 10-3
310.99 2.19 6.2 x
1.2 2.8 7.6 x 10-3
1.34 2.97 8.15 x 10-3
1.42 3.31 8.5 x 10-3
63-125 X .63 75 2.12 1.77 5.54 x 10-3
.765 80 2,20 1.88 4.99 x 10-3
.82 83.3 2.27 1.97 5.54 x 10-3
1.25 2.7187 7.94 x 10-3
1.51 3.15 8.23 x 10-3
63-125 K .57 61.5 1.8935 1.67 5.07 x 10-3
.725 80 2.1767 1.834 4.72 x 10-3
.81 80 2.23 1.878 7.04 x 10-3
1.07 2.5 8.12 x 10-3
1.25 2.7 7.09 x 10-3
1.4 2.88 3.66 x 10-3
ISize is in microns
X indicate& data taken with X band radiation
K indicates data taken with K band radiation
2This is the percent of basalt in the sample by weight. Where not indicated,
it is 100%.
TABLE 1. MEASUREMENT RESULTS
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The effect of the polyethelene on the value of tan 6 is
negligible so these measurements did not have to be adjusted.
B.	 RESULTS
The results are plotted in Figures 2 and 3. They show a
range of c' from 1.6 to 3.3. The value of e' increases regularly
with increasing density, and there is no significant difference
between the K band and the X band measurements. The value of e'
did not depend on particle size.
The values of tan d show a much higher degree of scatter.
14 One reason for this,is because the value of tan 6 depends on
three different experimental measurements, R, r, and X, all of
which contain measurement errors.
	 The data do indicate a trend
of increasing tan d with increasing density.
	 There does not
appear to u q an	 effect of
	 y	 particle size on the value of tan S.
Several of L:`+e sets of data, e.g., 37-63p X and K band,
63-125U X band and the 0-37p K band, have less data scatter than
= the other measurements.
	 The reasons for the large scatter for
the 0-37p X band, and 63-125U K band data, are not well known.
However, as printed out earlier, the larger number of measured
parameters needed for tan d, introduces greater uncertainties
than the meaaurement of e'.
We have fitted the results of e' for each sample size to
linear equations.	 Typical standard deviations of less than 10%
were obtained.	 Since this is about the same as the anticipated
measurement precision, and there was little difference between
12
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FIGURE 2 DIELECTRIC CONSTANT OF BASALT POWDER
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the equations for each sample size, we fit all the data to a linear
equation--
E' - . 74 + 1.60P,
where P is in gm/cm 3 , as shown in Figure 2.
To check the validity of the data obtained, the mixing rule
was used to calculate what value e' would be obtained for various
densities if eb , the value of the dielectric constant for solid
basalt, was assumed to be 10. This curve is drawn in Figure 2
also. It shows agreement with the measured results.
Linear fits of the data for tan d are shown in Figure 3.
The equations are
tan d - 0.0031 + .0033P (for all points)
and
tan d	 0.0029 + .0038P
	 (excluding four points
which had large deviations)
The effect of temperature on the value of e' and tar. d was
not investigated. In previous experiments, measurements at tem-
peratures ranging from -196 to +98 showed no effect of temperature
on E '. We could not clearly establish the effects of temperature
on tan d.
15
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